Here we present ecophysiological studies of the anaerobic sulfide oxidizers considered critical to cryptic sulfur cycling in oceanic oxygen minimum zones (OMZs). We find that HS − oxidation rates by microorganisms in the Chilean OMZ offshore from Dichato are sufficiently rapid (18 nM h −1 ), even at HS − concentrations well below 100 nM, to oxidize all sulfide produced during sulfate reduction in OMZs. Even at 100 nM, HS − is well below published half-saturation concentrations and we conclude that the sulfide-oxidizing bacteria in OMZs (likely the SUP05/ARTIC96BD lineage of the gammaproteobacteria) have high-affinity (>10 5 g −1 wet cells h −1 ) sulfur uptake systems. These specific affinities for sulfide are higher than those recorded for any other organism on any other substrate. Such high affinities likely allow anaerobic sulfide oxidizers to maintain vanishingly low sulfide concentrations in OMZs driving marine cryptic sulfur cycling. If more broadly distributed, such high-affinity sulfur biochemistry could facilitate sulfide-based metabolisms and prominent S-cycles in many other ostensibly sulfide-free environments.
Introduction
Sulfur cycling has classically been overlooked as an important component of global ocean water column biogeochemistry. Discovery of cryptic anaerobic sulfur cycling in the Chilean upwelling system [1] , however, suggests that pelagic sulfate reduction and oxidation contribute to global marine carbon and nitrogen cycles. Here, up to 33% of carbon mineralization is channeled through sulfate reduction liberating up to 22% of the ammonium that fuels fixed nitrogen loss from the ocean [1] . This sulfur cycle is cryptic because the sulfide produced fails to accumulate to levels detectable (>0.5 µM) using routinely employed analytical techniques [2] . This lack of sulfide accumulation under anoxic conditions has been attributed to its rapid anaerobic re-oxidation by nitrate-reducing bacteria [1] . Sulfur-oxidizing, nitrate-reducing bacteria are indeed ubiquitous and abundant members of oxygen minimum zone (OMZ) microbial communities [1, [3] [4] [5] [6] . Although sulfide oxidation has been detected at relatively high sulfide concentrations, and with long incubation times [1] , it has yet to be measured under the low nM sulfide concentrations that likely prevail in most OMZs and that have been detected more broadly throughout the well-oxygenated global ocean [7, 8] . Such sulfide concentrations are well below those tractable through previous laboratory studies of aerobic and phototrophic sulfide oxidation [9] and thus threshold sulfide concentrations needed for microbial sulfide oxidation remain entirely unknown.
We therefore measured bacterial sulfide oxidation at concentrations relevant to cryptic sulfur cycling, formulated predictive rate equations, and tested the physiological thresholds for microbial sulfide oxidation. We collected water from the OMZ offshore of Dichato, Chile, and amended it with sulfide to sub-µM concentrations. We leveraged the high sensitivity and rapid analysis time of Au/Hg amalgam microelectrodes and analytical voltammetry to track sulfide oxidation kinetics down to low nM concentrations in real-time revealing that OMZ microorganisms exhibit extremely high affinities for sulfide.
Materials and methods

Sample collection and hydrographic profiles
We determined sulfide consumption kinetics in two samples of water collected from 55 m depth and one sample of water collected from 85 m depth in the Chilean OMZ, 18 kilometers offshore from Dichato (36°30.85′S-73°07.75′W), during the MOOMZ-4 cruise in March 2012 (Fig. 1) . Samples for all incubations and chemical analyses were collected from the R/V Kay Kay (II) using a pump-cast system. We overflowed 500 ml glass bottles (5×) with water directly from the pump tubing for subsequent amendment with sulfide and incubation experiments. Profiles of temperature, salinity, and oxygen concentrations were generated using a Seabird CTD (SeaBird SBE 25 CTD (conductivity, temperature and depth measuring device), SBE 43 oxygen sensor) (Fig. 1 ). Nitrate and nitrite concentrations ( Fig. 1 ) were determined as previously described [10] . Water column sulfide concentrations were determined by voltammetry, as described below, using a flow through electrochemical cell constructed of PEEK [11] . Sulfide concentrations were below our sea-based detection limit of 40 nM -this relatively high detection limit at sea resulted from electrical noise from the pump-cast system.
Voltammetry
To determine sulfide consumption rates in real-time, at environmentally relevant sulfide concentrations, we used analytical voltammetry with a Au/Hg amalgam microelectrode as the working electrode [12] . Voltammetry was conducted in a three-electrode configuration using a Pt wire as the counter and an in house built Ag/AgCl electrode as the reference. All potentials discussed hereafter are referenced to this Ag/AgCl electrode. The working electrode was held at a potential of −0.9 V for 60 s between scans in order to remove any residual sulfide that may have accumulated during the previous scan and to prevent the accumulation of sulfide in the electrode between scans. To enhance sensitivity, HS -was deposited in the Hg amalgam by holding the working electrode at a potential of −0.1 V for 60 s under vigorously stirred conditions. Following this deposition period, the working electrode was scanned using a square-wave function from −0.1 V to −1.7 V with a pulse height of 16 mV, a step width of 4 ms yielding a scan rate of 200 mV s −1 , and a total measurement cycle time of 128 s including the deposition step and the time between scans. Quantification was achieved by calculating the height of peaks in the resultant (forward-reverse currents) current, at potentials characteristic for the reduction of HgS to ∑H 2 S, which are between −0.6 and −0.7 V, depending on concentration (Fig. 2a) . Our detection limit for ∑H 2 S in a well-stirred reaction vessel is < 5-10 nM, as defined by 3 × the amplitude of electrical noise between −0.6 and −0.7 V. Oxygen concentrations were also determined by linear sweep voltammetry with a detection limit of~1 µM . Electrodes were calibrated using the addition of known volumes of a Na 2 S stock solution that was measured independently by spectrophotometry [2] . The stability of the electrochemical cell and incubation vessel (see description below) was evaluated by monitoring sulfide concentrations (nominally 1 µM) over an 8-h period (Fig. 2b) . Linear regression has a slope of −0.002 ± 0.004 µM h −1 and is thus not significantly different than zero demonstrating stability. 
Incubations
Incubations were conducted in a 250 ml stirred glass incubation vessel, which housed our electrochemical cell. Importantly, the incubation vessel was metal free to preclude any reaction of sulfide with metallic surfaces. The incubation vessel was equipped with a PEEK coated magnetic stir-bar fixed to a screw top lid to permit vigorous stirring during the incubation period. Seawater was transferred anoxically and aseptically from our 500 ml sampling bottles to the incubation vessel using gas-tight tubing with a positive pressure of N 2 gas. A 5 mL headspace was left in the incubation vessel for 1 h following transfer, during which time the seawater was bubbled with N 2 gas to remove any residual oxygen. Voltammetric analyses were conducted after this 1-h period to confirm that oxygen concentrations were below 1 µM, and the 5 ml headspace was filled with additional anoxic seawater. In order to maximize microbial sulfide uptake rates, the temperature of the seawater was allowed to rise to the ambient room temperature of 21.5°C. The reaction vessel was kept dark during incubations. Incubations were initiated by injecting 15 µl from a nominally 3.5 mM NaS 2 solution into the incubation vessel. Parallel incubations were killed with formalin (final concentration of 2%). ∑H 2 S concentrations in these killed controls, as well as initial and final ∑H 2 S concentrations in the live incubations were determined by spectrophotometry [2] with a 10 cm path length spectrometric cell (detection limit of 0.1 µM) following preservation of subsamples with Zn acetate (0.1% final concentrations). Although we did not measure corresponding accumulation of oxidized sulfur, we assumed that sulfide consumed was oxidized to elemental sulfur or sulfate, as previously suggested [1] .
Microscopy and flow cytometry
Seawater was fixed with paraformaldehyde (final concentration, 2%) for Catalyzed Reporter Deposition Fluorescence In Situ Hybridization (CARD-FISH) microscopy and filtered through 0.2 µm polycarbonate filters. Filter sections were hybridized as described by Pernthaler and Pernthaler [13] ; with horseradish peroxidase-labelled oligonucleotide probes GSO477 (5′-CTAAAGTTAACGTCAAGG-3′), designed specifically for detection of bacteria of the GSO cluster [3] ; Gam42a (5′-GCCTTCCCACATCGTTT-3′) and nonlabeled competitor Bet42a-none were used to broadly hybridize and estimate the abundance of γ-proteobacteria; and EubI + II + III (5′-GCTGCCTCCCGTAGGAGT-3′, 5′-GCAGC-CACCCGTAGGTGT-3′, 5′-GCTGCCACCCGTAGGTGT-3′, respectively), designed to hybridize with bacteria generally and exclude Archaea. Total cell counts were determined by flow cytometry [14] .
Calculation of rates and rate constants
We calculated rates of sulfide consumption by taking the first derivative of sulfide concentrations as a function of incubation time. The raw data were first smoothed with a 6th order polynomial using 20-point (55 m) or 6-point (85 m) intervals. A non-linear regression was then used to fit a standard Michaelis-Menten model to the resulting rate data as a function of sulfide concentrations:
where R is the reaction rate (nM h , gray trace = 30 nM , green trace = 60 nM , pink trace = 120 nM , blue trace = 210 nM , red trace (top) = 300 nM . Scan direction was from positive to negative. b
Control experiment demonstrating the stability of sulfide in filtered seawater in the incubation vessel. Linear regression has a slope of -0.002 ± 0.004 µM h −1 and is thus not significantly different than zero demonstrating stability maximum rate ( Table 1 ). The data range used was varied to evaluate sensitivity to lower quality data at high sulfide concentrations near the beginning of the incubations and low sulfide concentrations toward the end of the incubations. In addition to the regression analyses, kinetic constants for 55 m were estimated using the Hanes-Woolf linearization, although the linearization could only be performed with rate data collected between 100 and 300 nM due to strongly non-linear behavior below 100 nM indicating departure from a Michaelis-Menten model. We also explored the fit of an allosteric sigmoidal model to data from 55 m. Allosteric models generally describe the kinetics of enzymes possessing cooperative subunits according to:
Where R is the reaction rate (nM h −1 ), V max is maximum reaction rate (nM h −1 ), [S] is the substrate concentration (nM), K' is the substrate concentration at half the maximum reaction rate (nM) (K 0.5 , analogous to K m ) to the power of h, and h is the hill slope, an empirical measure of the steepness of the curve and enzyme binding by an effector. Specific affinities were calculated by dividing V max by K m [15] . Cell-specific maximum rates were determined by dividing our measured volume specific V max by cellular biomass. Wet biomass was estimated assuming a cell radius of 0.5 µm [16] , which translates to a cell volume of 0.52 µm 3 , although we also consider cell volumes as low as 0.06 µm 3 [17] . With typical cell densities of 1.09 g cm −3 (range for E. Coli from 1.08 to 1.10 g cm . At 11,000-27,500 cells mL −1 (GSO cluster and γ-proteobacteria, respectively), we calculate 6-16 µg L −l wet cellular biomass in our incubations and with, for example data from 55 m fit 1 ( . Dividing these values by K m (170 nM ) yields specific affinities of 150,000 to 60,000 l g −1 wet cells h −1 , depending on whether we consider the SUP05/ ARTIC96BD as the exclusive S oxidizers, or the γ-proteobacteria more generally.
Results and discussion
S-oxidation rates
Sulfide concentrations decreased with time in both incubations of water from 55 m depth, and water from 85 m depth. Sulfide concentrations in water from 55 m depth decreased linearly to below 100 nM (Fig. 3a) . Below 100 nM , sulfide continued to decrease, but at a slower rate, and eventually reached our detection limit of <5 nM after about 8 h (Fig. 3b) . Sulfide concentrations in water from 85 m depth also decreased, but at a lower rate than water from 55 m depth. There was no detectable decrease in sulfide concentrations in killed controls of water from 55 m depth over the duration of our incubations (Fig. 3a) , or over an extended 72-h incubation period (data not shown) implying that sulfide oxidation in our incubations was biologically catalyzed. Importantly, microbial sulfide oxidation in water from 55 m proceeded at measurable rates at sulfide concentrations down to at least 5 nM with no indication for a threshold concentration below which sulfide was not oxidized. , and K m values of between 25 and 340 nM (Fig. 4, Table 1 ) depending on the model fit and the data range used. Kinetic parameters estimated through a Hanes-Woolf linearization were comparable to those estimated using non-linear regression (Fig. 4b, Table 1 ). The range of V max values from all fits is well in line with sulfide oxidation rates (160 nM h ) calculated from previous measurements of N 2 and N 2 O production rates from station 18 water at 90 m depth following amendment with 5 µM sulfide [10] . Sulfide oxidation kinetics at 55 m depth were best fit with an allosteric model implying that the responsible enzymes may have multiple interacting components and that the presence of at least low concentrations of sulfide enhances rates of sulfide oxidation (Fig. 4, Table 1 ). Sulfide oxidation kinetics at 85 m depth were fit with lower V max and higher K m than 55 m depth. Little information is available in existing literature for comparison with our K m values. Previous analyses of growth kinetics through phototrophic sulfide oxidization were described using Monod models with half-saturation constants down to about 800 nM [9] . Phototrophic sulfide oxidizers thus appear to become sulfide limited at sulfide concentrations much higher than the OMZ microorganisms studied here and thus likely have a lower affinity for sulfide (see below). Sulfide uptake kinetics by Thiobacillus neapolitanus in chemostats imply half-saturation constants for growth below 6000 nM [9] , which is much higher than the K m values we determined. More data are thus needed to test whether the low K m values measured for sulfide oxidation Arrows indicate that these data points represent the spectrophotometric limit of detection (0.1 µM), whereas the measured values are below the limit of detection 
Ecophysiology of sulfide-oxidizing community
Bacteria of the SUP05 and ARTIC96BD clades are recognized as important contributors to sulfur oxidation in many OMZs [1, 3, 4, 6, [19] [20] [21] including our study site offshore of Dichato [22] . A single representative of this group has been isolated (Candidatus Thioglobus autotrophica Strain EF1) [16, 23] , and experiments confirm its capacity to oxidize reduced sulphur compounds. At 11 ± 3 × 10 3 and 31 ± 10 × 10 3 cells mL −1 the SUP05/ARTIC96BD bacteria represented 16 and 9 % of the total bacterial community in our incubations from 55 and 85 m, respectively (Fig. 5) . Maximum sulfide oxidation rates at 55 m translate to cellspecific oxidation at rates of 9 fmol cell h −1 , if sulfide oxidation is accomplished exclusively by SUP05/ARTIC96BD bacteria. The γ-proteobacteria in general represented 40% of the total bacterial community at 55 m ( . We note, however, that our estimates of γ-proteobacteria based on hybridization to GAM42a may not capture some uncultured taxa and may thus underestimate total γ-proteobacteria and by extension overstate cell specific rates if all γ-proteobacteria oxidize sulfide [24] .
Specific substrate affinities (a = V max /K m ) provide a basis for comparing substrate utilization by microorganisms.
Sulfide oxidizers in the Chilean OMZ exhibit specific affinities for sulfide of between 51,000 and 220,000 L g −1 wet cells h −1 (Table 1 , Fig. 6 ), depending on the fit used and whether sulfide oxidation is accomplished by all γ-proteobacteria or by the SUP05/ARTIC96BD exclusively (at 55 m depth), respectively. Note that the lower estimates for biovolumes of 0.06 µm 3 [17] would lead to specific a b proteobacteria clade and the SUP05 clade enumerated by microscopy after staining with the Gam42a, GSO477 and EubI + II + III probes to obtain relative abundances, which were translated to absolute abundances using flow cytometry Fig. 6 Specific affinities (a = V max /K m ) calculated for sulfide-oxidizing bacteria of the Chilean OMZ in comparison to nitrifying Archaea Nitrosopumilus maritimus SCM1 [25] and oligotrophic diatoms Thalassiosira pseudonana [26] for ammonium, and the highest specific affinity organotrophs, Cycloclasticus oligotrophus for carbon [15] affinities up to Cycloclasticus oligotrophus for their carbon substrates [15] , it becomes apparent that the sulfide-oxidizing microorganisms in the Chilean OMZ waters have a remarkable capacity for sulfide utilization at low concentrations. They have an affinity for sulfide that may be unmatched by any organism for any other substrate measured to date. There are, however, very few kinetic analyses of environmental communities in the existing literature, and such high-affinity metabolisms may be much more common than we currently appreciate. Further evidence for this comes from observations of oxygen uptake at low nM concentrations by a diversity of marine microorganisms [27] [28] [29] and the distribution of such high-affinity metabolisms should be tested across a broader array of substrates and environments.
Cryptic S-cycling
Parallel incubations conducted with radioactive 35 S-sulfate failed to detect microbial sulfate reduction in the water column during our sampling season. Sulfide must then be supplied by transient pelagic sulfate reduction, or transient sulfide fluxes from the sediment, or some combination of the two. Capacity for sulfide oxidation is thus retained for some period in the absence of direct, contemporaneous sulfide production. Volume-specific sulfate reduction rates up to 1 nM h −1 have, however, been measured in the Chilean OMZ offshore from Iquique [1] . At these rates of sulfate reduction, and considering a possible sulfide concentration as low as 10 nM, a sulfide-oxidizing population with a density as low as 2 × 10 3 cells mL −1 would keep pace with sulfate reduction, preventing sulfide accumulation and leading to a cryptic sulfur cycle. High-affinity sulfide uptake systems thus likely play an important role in OMZ biogeochemistry and by extension global biogeochemical cycles. Such high-affinity sulfide uptake systems may exist beyond the γ-proteobacteria, as suggested by measurements of sulfide uptake at low sulfide concentrations in anoxygenic photosynthetic sulfide-oxidizing Chlorobi [30] . If more broadly distributed, high-affinity sulfide uptake could support cryptic sulfur cycling in other low sulfide environments like animal hosts [31] , or in the iron-rich oceans of the early Earth [32] .
